Electron transport properties of graphene and graphene field-effect devices studied experimentally by Nam, Youngwoo
  
THESIS FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
 
 
 
Electron transport properties of graphene and 
graphene field-effect devices studied 
experimentally 
 
YOUNGWOO NAM 
 
 
 
 
 
  
 
 
 
Department of Microtechnology and Nanoscience – MC2 
CHALMERS UNIVERSITY OF TECHNOLOGY 
Göteborg, Sweden 2013 
  
Electron transport properties of graphene and graphene field-effect devices studied 
experimentally 
YOUNGWOO NAM 
ISBN 978-91-7385-921-9 
 
 
© YOUNGWOO NAM, 2013. 
 
 
Doktorsavhandlingar vid Chalmers tekniska högskola 
Ny serie Nr 3602 
ISSN 0346-718X 
 
 
ISSN 1652-0769  
Technical Report MC2-265 
 
Quantum Device Physics Laboratory 
Department of Microtechnology and Nanoscience – MC2 
Chalmers University of Technology 
SE-412 96 Gothenburg  
Sweden 
Telephone: +46 (0)31 772 1000 
 
 
 
  
 
 
 
Chalmers Reproservice 
Gothenburg, Sweden 2013  
 
 
III 
Electron transport properties of graphene and graphene field-effect devices studied 
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YOUNGWOO NAM 
Department of Microtechnology and Nanoscience – MC2 
Chalmers University of Technology 
 
Abstract 
 
This thesis contains experimental studies on electronic transport properties of 
graphene with the Aharonov-Bohm (AB) effect, thermopower (TEP) measurements, 
dual-gated graphene field effect devices, and quantum Hall effect (QHE).  
Firstly, in an effort to enhance the AB effect in graphene, we place 
superconducting-metal (aluminium) or normal-metal (gold) mirrors on the graphene 
rings. A significant enhancement of the phase coherence effect is conferred from the 
observation of the third harmonic of the AB oscillations. The superconducting 
contribution to the AB effect by the aluminium (Al) mirrors is unclear. Instead, we 
believe that a large mismatch of Fermi velocity between graphene and the mirror 
materials can account for the enhancement.  
Secondly, TEP measurement is performed on wrinkled inhomogeneous graphene 
grown by chemical vapour deposition (CVD). The gate-dependent TEP shows a large 
electron-hole asymmetry while resistance is symmetric. In high magnetic field and 
low temperature, we observe anomalously large TEP fluctuations and an insulating 
quantum Hall state near the Dirac point. We believe that such behaviors could be 
ascribed to the inhomogeneity of CVD-graphene.  
Thirdly, dual-gated graphene field effect devices are made using two gates, top- 
and back-gates. In particular, the top gate is made of Al deposited directly onto the 
middle part of the graphene channel. Naturally formed Al2O3 at the interface between 
Al and graphene can be facilitated for the dielectric layer. When the Al top-gate is 
floating, a double-peak structure accompanied by hysteresis appears in the graphene 
resistance versus back-gate voltage curve. This could indicate an Al doping effect and 
the coupling between the two gates.  
Lastly, we notice that the QHE is very robust in CVD-graphene grown on platinum. 
The effect is observed not only in high- but also low-mobility inhomogeneous 
graphene decorated with disordered multilayer patches.  
 
Keywords: graphene, Aharonov-Bohm effect, thermopower, chemical vapour 
deposition, dual-gated graphene field effect devices, quantum Hall effect  
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Chapter 1 
 
 
1. Introduction 
 
Carbon is the basic building block of organic materials and is abundant on earth. The 
carbon atom has six electrons corresponding to the electron configuration, 1s22s22p2. 
Two electrons in the core shell (1s) are so tightly bound to the nuclei that usually they 
cannot contribute to electronic transport. Whereas the remaining four weakly bound 
electrons, named valence electrons, play a key role in determining electronic 
properties. When carbon atoms are assembled together, the four valence electrons take 
part in the formation of covalent bonds through orbital hybridization. Based upon the 
type of hybridization and shape of the physical structure, various allotropes of carbon 
materials can exist. For instance, diamond, graphite, carbon nanotube, fullerene and 
graphene can be formed. In particular, graphene is known to possess superior 
mechanical, electrical and thermal properties. Therefore it is necessary to investigate 
graphene both in fundamental and in application-related aspects. Figure 1.1 shows an 
optical image of graphene exfoliated from graphite and situated on a dielectric 
material. 
 
1.1 Graphene  
Graphene refers to a single sheet of graphite and consists of carbon atoms arranged in 
hexagonal fashion. The important thing is that it is the first truly two-dimensional 
material found in nature. It was first discovered in 2004 [1, 2]. Carbon atoms in 
graphene are connected to each other with one π-bond and three σ-bonds through sp2-
 
Figure 1.1: The red arrow indicates an optical image of single layer graphene flakes on 
the silicon oxide substrate. Dark islands around it display thicker multilayer graphene.  
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hybidization. In contrast to localized σ-bonds, the π-bond is delocalized over the 
graphene sheet and largely determines the electronic properties of graphene. Figure 
1.2(a) and (b) show a graphene lattice and atomic bonds, respectively. 
The fact that each carbon atom constitutes one π-electron with a hexagonal 
formation results in a linear energy band structure (E ∝ k) in the low energy scale 
(below several eV) by the tight-binding approximation.  
 
FE v k    (1.1)
 
Here, E+ (E-), ħ, vF (≈ 106 m/s) and k are conduction (valence) band, Plank’s 
constant (h) divided by 2π, Fermi velocity, and wave vector, respectively. The energy 
band has no gap since conical electron (E+) and hole (E-) bands touch at the Dirac 
point (also called charge neutrality point) where effective carrier density is zero. The 
 
Figure 1.2: (a) Graphene lattice and (b) atomic bonding by sp2-hybridization between 
carbon atoms 
 
 
Figure 1.3: (a) Graphene energy band at low energy regime and reciprocal lattice in the 
first Brillouin zone (b) Density of states. 
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linear dispersion relation between energy and wave vector is analogous to that of a 
relativistic massless Dirac particle. This is a striking difference between the 
conventional semiconductors which behave according to a parabolic energy band (E ∝ 
k2) and have an energy gap. This unusual linear dispersion of graphene results in a 
linear density of states (DOS). Figure 1.3 shows the energy band and density of states 
of graphene at low energy regimes.  
The symmetric electron-hole band structure of graphene can be directly confirmed 
in the resistance versus gate voltage curve (called transfer curve, figure 1.4). Here, the 
gate voltage varies Fermi level of graphene relative to the Dirac point. 
The unique energy band of graphene gives rise to exceptional transport behaviors 
such as an anomalous half-integer quantum Hall effect [3, 4] and Klein tunneling [5, 
6]. Graphene also shows a high mobility which is beneficial for a high-frequency 
transistor [7]. Moreover, recent developments in producing large-area graphene by the 
chemical vapour deposition (CVD) method can be applied to a display industry 
because graphene is not only conductive but also transparent [8-10].  
   
 
Figure 1.4: Transfer curve; graphene resistance as a function of gate voltage. Owing to 
the symmetric and conical electron-hole band structure of graphene, the transfer curve 
shows a single symmetric peak at the Dirac point where the effective carrier density is 
zero.  
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1.2 Purpose and scope of this thesis 
The behaviour of charge carriers in graphene can be affected by an application of a 
bias voltage or temperature gradient. The movement of carriers can also be influenced 
by a magnetic field owing to the Lorentz force. Such external variables are useful for 
investigating electronic properties of graphene. In this thesis, graphene transport 
characteristics related to the cases will be discussed.  
In chapter 2, the underlying physical concepts in this thesis will be introduced. 
In chapter 3, experimental methods for the preparation of graphene samples and a 
subsequent microfabrication process will be illustrated. 
From chapter 4 to chapter 7, experimental results are discussed.  
In chapter 4, the Aharonov-Bohm (AB) effect in graphene rings with metal mirrors 
will be demonstrated [6]. Charge carriers in graphene perform large mean free paths 
[7, 8] and phase coherence lengths [9, 10], which is beneficial for studying quantum 
interference phenomena. The interference effects can be directly manifested by the 
AB effect which is the resistance oscillations of the ring as a function of the magnetic 
field. Therefore the AB effect can help to understand the phase coherence phenomena 
by carriers in graphene.    
In chapter 5, thermopower (TEP) measurement of inhomogeneous graphene grown 
by chemical vapour deposition (CVD) will be addressed. When the temperature 
difference (ΔT) is imposed, carriers are redistributed to equilibrate the difference and  
results in a thermoelectric voltage (ΔVTEP). TEP refers to the ratio of ΔVTEP to ΔT (i.e., 
TEP ≡ -ΔVTEP/ΔT) and can be a useful tool for probing the intrinsic conduction 
mechanism of carriers inside graphene.   
In chapter 6, dual-gated graphene field effect devices made by using naturally 
formed aluminium oxide (at the interface with graphene and aluminum) will be 
introduced [11]. Graphene field-effect transistors are extensively investigated due to 
their promising electronic properties. In this respect, graphene p-n junctions could also 
be part of important electronic devices that use the unique bipolar nature of graphene. 
In chapter 7, quantum Hall effect (QHE) in graphene grown by chemical vapour 
deposition (CVD) using platinum catalyst will be studied. The QHE is even seen in 
samples which are irregularly decorated with disordered multilayer graphene patches 
and have very low mobility (< 500 cm2V-1s-1). The effect does not seem to depend on 
electronic mobility and uniformity of the resulting material, which indicates the 
robustness of QHE in graphene  
Finally, a summary will be presented in chapter 8. 
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Chapter 2 
 
 
2. Concepts 
  
2.1 Aharonov‐Bohm (AB) effect 
When electrons pass through a mesoscopic ring structure as shown in Figure 2.1, they 
are split into two paths corresponding to the upper or lower arm. In the presence of an 
external magnetic field (B) perpendicular to the ring, the two electronic waves start to 
have a phase difference Δφ. 
 
upper arm lower arm
e e edl dl dl B
e BS
        

    


 (2.1)
 
Here e, ħ, Α and S are the electron charge, Planck’s constant (h) divided by 2π, 
vector potential, and the ring area, respectively. The phase difference depending on 
the magnetic field and the ring area causes interference phenomena [11]. This 
phenomenon is referred to as the Aharonov-Bohm (AB) effect and it is useful for 
studying quantum interference phenomena. The AB effect can be verified in the 
experiment by observing the resistance oscillations with respect to the applied 
magnetic field. The periodicity of the oscillation corresponds to the case whenever the 
phase difference is a multiple of 2π, which is analogous to the interference effect in 
 
Figure 2.1: Schematics of Aharonov-Bohm effect. The phase difference (Δφ) between 
upper and lower electronic waves is determined by the ring size and magnetic field.  
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the double slit experiment with light. 
The frequency of AB oscillations is calculated to be NeS/h (N = 1, 2, ...). Here, the 
number N is associated with the number of the revolution of the electrons inside the 
ring. Figure 2.2 shows electron trajectories of the most prominent AB oscillations 
corresponding to the first (N = 1) and second (N = 2) harmonics. Each electron 
entering one arm makes a half revolution in the first harmonic while one revolution in 
the second harmonic. Therefore the phase difference is doubled and yields two times 
higher an oscillation frequency in the second harmonic. In particular, the second 
harmonic is usually regarded as a periodic contribution of the weak localization effect 
from coherent backscattering [12]. 
To exhibit the interference effect, the phase information in electrons needs to be 
conserved while passing through the rings. The maximum distance that an electron 
keeps its phase information is known as the phase coherence length lφ. Therefore, as 
long as the phase lφ is comparable to the characteristic size of the ring, the AB effect 
can be seen. In case the phase coherence is larger than the ring size, extra higher order 
harmonics corresponding to NeS/h (N = 3, 4, ...) become observable [13]. Figure 2.3 
indicates possible electron trajectories for entering the upper arm of the ring for 
different order harmonics. By convention, the Nth harmonic is usually denoted as 
h/(Ne) where h/e (≈ 4.14 × 10-15 T·m2) is the  magnetic flux quantum. 
In general, the AB effect is only observable in the low magnetic field where a 
cyclotron radius (rc = ħkF/eB) is larger than the characteristic scale of the ring. 
Because in the high magnetic field regime (i.e., when rc is smaller than width of the 
ring W), quantum Hall edge channels are developed and the above descriptions of the 
 
Figure 2.2: Electron trajectories corresponding to the first (N = 1) (a) and second 
harmonics (N = 2) (b). Electrons make a half revolution in the first harmonic while 
making one revolution in the second harmonic. Note that the phase difference (Δφ) is 
doubled in the second harmonic owing to the difference in the number of revolutions 
inside the ring. 
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electron trajectory are not applicable.   
  
 
Figure 2.3: One part of the electron trajectories corresponding to the first (a), second (b), 
and third (c) harmonics. The harmonics are denoted by h/Ne (N = 1, 2, 3). 
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2.2 Thermopower (TEP) 
When one side of a material is subject to heating (or cooling), charge carriers inside 
the material start to move from hot side to cold side and carriers become more 
populated in the cold side (figure 2.4). At the same time, this imbalance of charge 
carrier density produces electric fields E retarding the thermal diffusion and 
eventually the system reaches steady state where the net flow of carriers is zero.  
Thermopower (TEP) (also called the Seebeck coefficient S) represents the relation 
between the temperature gradient ׏T and electric field E in the open-circuit condition, 
E = S ׏T. Since the direction of the electric filed depends on the type of carrier, the 
sign of TEP reveals the type of majority carriers, i.e. S > 0 for holes and S < 0 for 
electrons. The magnitude of S corresponds to the entropy per charge carrier. Figure 
2.4 shows an illustration in a classical point of view when the charge carrier is an 
electron. Here, we can see electrons in the hotter side are less populated because the 
hot carriers are migrated to the cold side while the direction of the responding electric 
field is opposite to the temperature gradient, which corresponds to the negative sign of 
TEP. 
According to the Boltzmann transport equation, generally, a current (I) between the 
two sides developed in a two-dimensional shape with width W and length L can be 
described by 
 
2
1 2
( ) ( )
2
FeD vWI f f d
L
     (2.2)
 
where D, τ, vF, and f1 (f2) are the density of states, momentum relaxation time, Fermi 
velocity, and Fermi-Dirac distribution function at the end of the cold (hot) side, 
 
Figure 2.4: An illustration of the redistribution of electrons in response to the temperature 
gradient. An electric field is generated in a direction towards the cold region, which 
retards further diffusion of electrons. Accordingly, the direction of the induced electric 
field is determined by the type of carrier. 
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respectively.  
By using series expansion of f1- f2 this can by approximated as 
 
1 2( , ) ( , ) F
ff T f e V T T e V T
T
   
                (2.3)
 
and employing the open circuit condition, I = 0. TEP (S) is given by 
 
( ) '( )
1
'( )
1
F
F
f d
VS
fT eT d
eT
    
  
 
                    
 

    where 2 2( )'( ) 2 Fe D v     (2.4)
 
Here, εF and σ’(ε) are Fermi energy and energy-dependent partial conductivity of the 
total conductivity (σ) (i.e.,  / '( )f d       ).  
From the Sommerfeld expansion, the TEP formula in eq. 2.4 can be expressed in 
terms of total conductivity σ (called Mott relation) as 
 
2 1 when 1
3
B B
Mott B
F
k k TS k T
e
 
  
         (2.5)
 
In eq. 2.4, <ε-εF> implies averaged energy relative to the Fermi energy, which is 
weighted by the partial conductivity near Fermi energy σ’(ε). Figure 2.5(b) represents 
 
 
Figure 2.5: (a) Density of states D(ε) and (b) its partial conductivity near Fermi energy 
σ’(ε). The magnitude of thermopower S is represented for the two Fermi levels. S 
increases with decreasing Fermi level because <ε> deviates from εF at the lower density of 
states D(ε). 
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the variation of <ε-εF> for a linear density of states D(ε) assuming energy-independent 
τ and vF. We can see that TEP (S) decreases with increasing energy because average 
energy <ε> approaches the Fermi energy εF.  
Figure 2.6 represents TEP calculated from the symmetric density of states of 
graphene. Because of the ambipolar nature of graphene, the TEP of graphene is 
positive (negative) when carriers are holes (electrons). TEP approaches zero in the 
high carrier-density regime (far from the Dirac point) as shown in figure 2.5.  At the 
Dirac point, TEP is zero because the average energy <ε> is equal to εF. 
  
 
 
Figure 2.6: (a) Bipolar linear density of states of graphene and (b) corresponding TEP 
curve as a function of the energy.  
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2.3 Graphene p‐n‐p junctions and graphene‐metal contact  
p-n-p junctions refer to a continuous sequence of different types of semiconductor. 
Since graphene has an ambipolar nature, graphene p-n-p junctions can be made by 
selectively tuning the carrier density (doping) of local parts of the graphene channel. 
Usually the carrier concentration is controlled by gates using their electrostatic 
coupling with graphene. Figure 2.7 shows a dual gate concept and a measurement 
scheme allowing for graphene p-n-p junctions. Two gates are used here. One is a local 
top gate that controls carrier density in the middle region of the graphene channel and 
the other is a global back gate that controls a whole region of graphene.  
In our experiment, we used direct metal contact to the graphene channel for 
building the top gate electrode. The metal contact to the graphene has been known to 
cause a doping effect on graphene due to the difference in work functions between 
graphene and the metal [14-16]. For instance, aluminium (Al) in contact with 
graphene induces n-type doping [14-17] because the work function of Al is lower than 
that of graphene, which makes electrons flow from Al to the graphene to balance the 
Fermi levels. The small density of states of graphene (compared with that of metals) 
causes a significant change in the Fermi level of graphene even with a very small 
electron transfer. Table 2.1 shows the difference of work function (W) between 
graphene and various metals.  
Figure 2.8 illustrates the p-type doping effect on the graphene by electron transfer 
from graphene to the metal to equilibrate the Fermi levels, when the work function of 
the metal (Wmetal) is higher than that of graphene (Wgraphene). The electron transfer 
brings about the development of an interface dipole accompanying potential drop ΔV. 
We note that the doping type of the graphene is not necessary determined only by the 
 
Figure 2.7: (a) Schematic showing a concept for graphene p-n-p junctions using two 
gates. (b) A measurement scheme using a top gate for locally varying the carrier density of 
the middle part of the graphene channel. 
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difference of work function in two materials because the potential drop can also be 
influenced by the chemical interaction at the interface. 
  
Metal Wmetal-Wgraphene (eV) (Wgraphene ≈ 4.5 eV) 
Ag 0.02 ~ 0.24 
Al -0.44 ~ -0.24 
Au 0.81 ~ 0.97 
Cr ≈ 0.10 
Cu -0.02 ~ 0.60 
Mo -0.14 ~ 0.45 
Ni 0.54 ~ 0.85 
Pd 0.72 ~ 1.10 
Pt 0.62 ~ 1.43 
Ti ≈ -0.17 
 
Table 2.1: The difference in work function between graphene and various metals. 
 
 
Figure 2.8: Schematic illustration of the band profile at the metal-graphene contact for 
given band diagram of the metal (a) and graphene (b). (c) The Fermi energy shift (ΔEF) 
with respect to the Dirac point corresponds to the p-type doping effect on the graphene. 
ΔV represents the built-in potential difference at the interface, which is associated with a 
dipole formation at the interface. 
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Chapter 3 
 
 
3. Experimental techniques 
 
3.1 Microfabrication of graphene devices 
Graphene is prepared either by successive mechanical exfoliation of natural-graphite 
flakes using sticky tape (so called scotch tape method) or by chemical vapor 
deposition growth. The graphene is transferred onto a target material using dry- or wet 
transfer method. The dry transfer is done by rubbing the tape covered with exfoliated 
graphene onto the target surface. On the other hand, in the wet transfer, graphene is 
supported with PMMA (polymethyl methacrylate) film and floating around on the 
Figure 3.1: Microfabrication steps for making graphene devices. (a) Graphene obtained 
by mechanical exfoliation is transferred onto the SiO2/Si substrate. The red arrow 
indicates graphene. (b) PMMA Mask layers (green) are patterned on top of the graphene 
by electron beam lithography. (c) Oxygen plasma–etching is employed to eliminate the 
non-mask-covered graphene region. Afterwards, the mask layer is removed with acetone. 
(d) Non-resist-covered regions (called windows, for the purpose of selective metal 
deposition) are developed by means of e-beam lithography. (e) After deposition of metals 
and subsequent removal of the resist, metals remain only on the window sites. (f) 
Electrical leads are defined by repeating previous processes (d) and (e). The final chip 
image is shown on the right. 
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distilled water. Then this is snatched with the target material by immersing it into the 
distilled water. In our experiments, the target materials are heavily doped silicon 
substrate (acting as a gate electrode) capped with 300 nm-thick SiO2 or 89 nm-thick 
Al2O3 dielectric layer. These thicknesses of SiO2 and Al2O3 provide a good contrast 
for seeing graphene with an optical microscope [18-21].  
Afterwards, to make the desired shape of graphene, oxygen plasma-etching is 
applied to the graphene coated with an e-beam patterned PMMA mask. Consecutively, 
metal contacts to the graphene are defined by thermally evaporating thin metal films 
onto the e-beam patterned region. Figure 3.1 displays the detailed process of the 
microfabrication. 
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3.2 Graphene growth by chemical vapour deposition (CVD)  
Large-area graphene samples are grown by the chemical vapour deposition (CVD) 
method on copper (Cu) foils [10]. Thermal decomposition of hydrocarbon on the 
catalytic copper is responsible for the graphene growth and the lower solubility of 
carbon in Cu makes it possible to produce uniform single-layer graphene on the 
surface of copper. 
As shown in Figure 3.2, graphene is synthesized in a cold-wall low-pressure CVD 
system [22] equipped with a thin graphite heater. A 100 µm thick Cu foil (99.995%) is 
employed as a catalyst.  First, we ramp up the temperature of the foil to 1000 °C at 
300 °C/min and hold it at this temperature for 10 min in a flow of 20 sccm of 
hydrogen and 1000 sccm of argon. Then, 30 sccm methane (CH4) gas pre-diluted with 
Ar to 5% is introduced into the chamber to activate graphene growth. The growth time 
is 5 minutes. Finally, the foil is cooled down to below 100 °C within 15 minutes by 
turning off the heater current (without ramping mode). The CH4 is kept flowing while 
cooling down. Figure 3.2(c) shows the consecutive process of graphene transfer from 
the Cu foil to the target material using a PMMA supporting layer.  
  
Figure 3.2: (a, b) Schematic of the CVD growth system and the temperature profile with 
time. The high temperature ( ≈ 1000 °C) is used to thermally decompose hydrocarbons 
(CH4) on copper foil. (c) An illustration of the graphene transfer process. A thin PMMA 
supporting layer is employed to transfer the graphene grown on copper to the target 
material. 
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 4. The Aharonov‐Bohm  (AB) effect  in graphene  rings with 
metal mirrors 
  
4.1 Introduction 
The Aharonov-Bohm (AB) effect is beneficial for investigating quantum interference 
behaviour in graphene [11] because it directly shows the interference effects by 
resistance oscillations of a ring as a function of the magnetic field. The oscillations 
arise from the phase difference between the electrons passing through the two 
different arms of the ring. 
Usually, the experimentally observable frequencies (=NeS/h) of the AB oscillations 
are the first (N=1) and second (N=2) harmonics, where e, S, and h are the electron 
charge, the ring area, and Plank’s constant, respectively [11]. In principle, the amount 
by which the maximum distance that an electron keeps its phase information (phase 
coherence length, lφ) is larger than the size of the ring, the more higher order 
harmonics (N = 3, 4, ...) become available [23]. 
Graphene can be a suitable material for the AB experiment because carriers in 
graphene demonstrate large mean free paths and phase coherence lengths [24, 25]. So 
far, a number of groups have reported the AB experiment with graphene [26-30]. 
However, the AB oscillation signal was weak and up to 2nd harmonics appeared. One 
method to enhance the visibility of the AB effect is to utilize either superconducting 
[12, 31] or normal metal mirrors [32]. Andreev reflection by superconducting mirrors 
[12, 31] and Fermi velocity mismatch [32] between mirrors and graphene could 
 
Figure 4.1: Graphene nano-ring combined with aluminum mirrors 
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account for the enhancement.  
We present the AB effect in the graphene ring structure (AB-ring) deposited with 
two materials; 1) superconducting and 2) normal metal mirrors. In particular, we 
observe the third harmonic (3eS/h) of the AB oscillations with superconducting 
mirrors deposited in the ring bias line. However, the contribution from the 
superconducting effect is unclear because normal metal mirrors also result in the 
enhancement of the AB effect. Additionally, a Coulomb gap is seen near the Dirac 
point due to the narrowness of the AB-ring. 
 
4.2 AB‐ring devices and experimental details 
We use mechanically exfoliated graphene and fabricate AB-rings on a Si substrate 
(acting as a gate electrode) covered with a 300 nm thick layer of SiO2. The average 
radius (r) and width (W) of the AB-rings are designed to be about 500 nm and 150 nm, 
respectively. According to these geometrical factors, the first harmonic of the AB 
oscillation frequency (eS/h) is expected to be in the range 140 - 250 1/T. The 
frequency range corresponds to the inner and outer radius of the AB-ring. Mirrors are 
made of either superconducting (aluminium) or normal metal (gold) mirrors. The 
mirrors are placed either on the rings in the transverse (T-mirrors) or in the 
longitudinal direction (L-mirrors), as shown in figure 4.2.  
The AB measurements are performed in a 3He-4He dilution cryostat with the 
lowest temperatures (T) of 20 mK under a magnetic field < 1 T. We note that the 
 
Figure 4.2: SEM images and measurement schematics for graphene rings adapted with T- 
(a) and L-mirrors (b). The average radius (r) and width (W) of the graphene rings are 
about 500 nm and 150 nm, respectively. 
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temperature is largely lower compared to previous works on the AB effect in graphene 
[26-28]. The four-probe resistance measurement is performed using a low-frequency 
lock-in technique. In order to avoid a thermal smearing effect, the applied bias current 
is controlled to make the voltage across the samples lower than kBT/e. 
 
4.3 Raman spectrum and Coulomb blockade effect 
Figure 4.3(a) shows a typical Raman spectrum of the AB-ring. The aspect ratio of G- 
and 2D-peaks, I(2D)/I(G) ≈ 1.6 indicates a single-layer graphene. The relatively high 
D-peak indicates defects and disorder of the ring, which probably were generated 
during the carving of the graphene sheet into the narrow ring structure.  
Figure 4.3(b) is the low-bias differential conductance (G) of the AB-rings with 
respect to the back gate voltage (Vg) at T = 20 mK. We find the graphene is p-doped 
(Dirac point, VDP > 0) and obtain the mobility µ = (L/βeW)∂G/∂Vg ≈ 3800 cm2/Vs 
from the slope of the conductance curves when Vg < 20 V. Here the charge carrier 
density (n) and gate voltage (Vg) are assumed to satisfy the relation n = β(Vg-VDirac), 
with β = 7.2×1010 cm-2V-1 by the parallel plate capacitor model. L (= rπ/2 + 1.8 
≈ 2.6 μm) is calculated from the sum of the effective contribution of the parallel 
connection of the ring halves and distance to the voltage leads.  
Interestingly, the conductance is suppressed near the Dirac point (Vg ∼ 27 V) while 
large conductance fluctuations appear away from the Dirac point (Vg < 20 V). The 
suppressed conductance region is referred to as a transport gap. This is analogous with 
graphene nanoribbons [33-35].  
Figure 4.4(a) shows a 2D-plot of conductance as functions of the gate and source-
 
Figure 4.3: (a) The Raman spectrum of the AB-rings. (b) Low-bias conductance of the 
graphene rings as a function of gate voltage Vg at T = 20 mK, which yields mobility µ ≈ 
3800 cm2/Vs from the linear fitting (red line). Suppressed conductance region (transport 
gap) can be seen in the vicinity of the Dirac point (Vg > 20 V). 
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drain voltages. The suppressed conductance region exists when |Vsd| < δ ≈ 0.5 mV and 
20 V < Vg < 30 V with an extreme at the Dirac point VDP ≈ 27 V. The gap can be 
ascribed to the Coulomb blockade effects [33, 35-37] or lateral size quantization effect 
[34], even though the width of the AB-ring (W ≈ 150 nm) is larger than that of typical 
graphene nanoribbons (W ≈  10 nm). We find the Coulomb blockade effect agrees 
with our data. Since the Coulomb blockade equation in [37] 
2
C 0( ) ( / ) exp( / )E W e W W W   with W0 ≈ 43 nm results in EC ≈ 0.3 meV, while the size 
quantization equation in [34] 1C ( ) ( *)E W W W    with α = 0.2 eV nm and W* = 16 nm  
gives EC ≈ 1.5 meV, which is not consistent with our data. Figure 4.4(b) and (c) show 
the Isd-Vsd curves and differential conductance (dI/dV) at Vg = 3.8 and 23.6 V. The 
differential conductance is slightly suppressed around Vsd ≈ 0 away from the Dirac 
point (at Vg = 3.8 V) while it has a flat low-level region between two peaks near the 
Dirac point (at Vg = 23.6 V). 
 
4.4 AB oscillations with Al T‐ and Al L‐mirrors 
Figure 4.5 shows the magnetoresistance R(B) of the AB rings adapted with the T- and 
L-mirrors at T = 20 mK. The mirrors are made of superconducting metal (Al). The 
small AB signals are superimposed on the slowly-varying background. The 
background resistance is due to universal conductance fluctuation and weak 
localization effects which are not related to the ring geometry. In R(B), we could not 
find any superconducting signature such as an abrupt change in resistance at the 
critical magnetic field. The insets display the AB oscillations in the zoomed-in view. 
We can see somewhat finer oscillations (small indentations near the local maxima and 
Figure 4.4:  (a) Differential conductance as a function of the gate and the source-drain 
voltages, G(Vg, Vsd) at T = 20 mK. Plots (b) and (c) show the I-V curves and 
corresponding conductance at two gate voltages, Vg = 3.8 V (red lines) and 23.6 V (black 
lines). 
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minima) in the case of L-mirrors. To extract AB oscillations (RAB) from the 
background, we employ the moving-average method,  where 
the averaging window (b ≈ 5 mT) is specified to be a similar order of magnitude as the 
period of the AB oscillations. RAB are shown in the insets of figure 4.6. Using the root 
mean square (rms) values of R and RAB, we can define the visibility as 
rms(RAB)/rms(Rring). Here Rring corresponds to the resistance portion (30%) of the AB-
ring compared to the total resistance R. The visibilities of T- and L-mirrors are about 3 
and 1.7%, respectively.  
Figure 4.6(a) and (b) are the fast Fourier transform (FFT) of the RAB for T- and L-
mirrors, respectively. The allowed AB harmonics and frequency ranges are denoted 
with h/Ne (N = 1, 2, 3) and grey lines by taking into account the inner and outer 
diameters of the ring. Interestingly, we observe the third harmonic (3eS/h) of the AB 
oscillations with L-mirrors in spite of its low visibility compared to T-mirrors. We 
confirm that the appearance of the third harmonic is not an artefact from the 
background subtraction process. The result is independent of the size of the moving-
average window (b) and the signature of the third harmonic can be also found as slight 
indentations in the zoomed-in plot in figure 4.5(b). The existence of the third 
harmonic implies that the phase coherence length lφ could be longer than the 
circumference of the ring (≈ 3 µm).  
To investigate the origin of the third harmonic, we examine characteristic length 
scales of the AB-rings in table 4.1. Firstly, we confirm that AB experiments meet the 
AB( ) ( ) ( )R B R B R B b  
 
Figure 4.5: (a, b) The magnetoresistance for the T- and L-mirrors at T = 20 mK and 
Vg = 0. The insets display the AB oscillations in the zoomed-in parts. The AB oscillations 
are superimposed on the slowly-varying background. The blue lines at the magnetic field 
< 0.1 T indicate the weak-localization fitting allowing for the estimation of the phase 
coherence length lφ.  
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low magnetic field condition (rc > W) and the thermal smearing effect is negligible (lth 
> L). Secondly, we find that our system is in a diffusive regime (lm << L) and employ 
a two-dimensional weak localization model to estimate the phase coherence length (lφ). 
The blue curves in figure 4.5 represent fitting by a weak localization model using the 
resistance in the low magnetic field range (B < 50 mT) [38]. However, the obtained 
phase coherence length lφ ≈ 1 μm appears to be insufficient to account for the presence 
of the third harmonic.  
In the previous experiments, the superconducting Al mirrors have been reported to 
enhance the visibility of the AB oscillations in the L-mirror [31]. The normal metal 
mirrors have also been known to give the reflection of electrons inside the ring owing 
 
Figure 4.6: (a, b) The fast Fourier transform (FFT) of the AB oscillations for the T- and 
L-mirrors. The FFT are performed after subtracting the background resistance (RAB shown 
in the insets). The calculated frequency ranges are marked with h/Ne (N = 1, 2, 3) based 
on the inner- and outer diameters of the ring. 
 
Characteristic length T-mirrors L-mirrors 
ring width, W 150 nm 150 nm 
ring radius, r 500 nm 500 nm 
effective length between voltage probes, L 2.6 µm 2.6 µm 
Fermi wavelength, λF = 2π/(nπ)1/2 25 nm 25 nm 
mean free path, lm = ħ(nπ)1/2µ/e 60 nm 40 nm 
phase coherence length, lφ 1.4 µm 1.1 µm 
cyclotron radius, rc = ħkF/eB 160 nm (B = 1T) 160 nm (B = 1T) 
thermal length, lth = (hvFlm/2kBT)1/2 9.2 µm 9.2 µm 
Table 4.1: Characteristic length scales for AB-rings with T- and L-mirrors 
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to the mismatch of the Fermi velocities between the ring and mirrors [32]. Although 
the superconducting effect from Al is unclear in our case, we believe that L-mirrors 
are geometrically more effective in keeping electrons within the ring and conserving 
the phase information. The L-mirrors placed at the entrance and exit of the ring could 
scatter electrons back and prevent the system from leaking electrons out into the drain, 
while T-mirrors positioned in the outer part of the individual arms do not seem to 
contribute to the electron entrapment inside the ring.  
 
4.5 AB oscillations with Al L‐mirrors and without mirrors 
To verify the enhanced electron confinement effect obtained by L-mirrors, we 
performed an AB experiment with AB-rings using Al L-mirrors and without mirrors. 
Figure 4.7 shows the two rings made of one and the same graphene flake. According 
to their FFT results, we confirm that AB-rings with Al L-mirrors more clearly exhibit 
AB oscillations, which agrees with our assumption that electron scattering by L-
mirrors increases the AB effect. However a low mobility of AB-rings (µ ≈ 900 cm2/Vs) 
in this case precludes the observation of higher harmonics.  
 
Figure 4.7: (a) Optical images of two AB-rings on the same graphene flake. The images 
are taken in the middle of the fabrication process and the green layer is patterned resist 
mask. The grey blocks indicate Al mirrors which are deposited after etching the non-mask 
covered graphene. (b, c) FFT of the AB oscillations for the rings without (b) and with Al 
L-mirrors (c) at T = 20 mK and Vg = 0. The insets correspond to magnetoresistance of the 
rings. 
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4.6 AB oscillations with Au T‐ mirrors, Au L‐mirrors and without mirrors 
To examine the role of the superconducting effect of mirrors for the enhanced electron 
scattering, we prepared normal metal (Au) mirrors. Figure 4.8 shows three types of 
AB-rings; with Au T-mirrors, Au L-mirrors and without mirrors, respectively. 
According to their FFT results, we find that AB-rings combined with Au L-mirrors 
more clearly shows the first harmonic of the AB oscillations. The results imply the 
unimportance of superconducting effects of mirror materials as well as the electron 
entrapment effect by the geometry of L-mirrors. Again a low mobility of AB-rings 
(µ ≈ 700 cm2V-1s-1) in this case precludes the observation of higher harmonics.  
 
4.7 Conclusions 
We observe an enhanced AB effect in graphene rings adapted with either 
superconducting or normal metal mirrors. The third harmonic of the AB oscillations 
appears when mirrors are placed on the entrance and exit of the AB-ring (L-mirrors) 
in spite of the low visibility of the oscillation. We believe that L-mirrors are 
 
Figure 4.8: (a) Optical images of four AB-rings on the same graphene flake. Like figure 
4.7, the green layer is the resist layer; the grey blocks represent Au mirrors. (b) – (d) FFT 
of the AB oscillations for the AB-rings without mirrors (b), with Au T-mirrors (c), and Au 
L-mirrors (d) at T = 20 mK and Vg = 0. The insets show the magnetoresistance of the 
rings. 
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geometrically more favourable for keeping electrons within the ring and conserving 
the phase information. The enhanced electron scattering is attributed to the Fermi 
velocity mismatch between graphene and mirrors rather than a superconducting effect 
of the mirrors. 
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5. Unusual thermopower (TEP) of inhomogeneous graphene 
grown by chemical vapour deposition 
 
5.1 Introduction 
Thermopower (TEP) is useful to probe the intrinsic conduction mechanism in 
graphene together with resistivity measurements. TEP (also known as the Seebeck 
coefficient S) represents the formation of the electric field E retarding diffusion of 
charge carriers in response to the temperature gradient ׏T in the open-circuit 
condition, E = S ׏T. As the direction of the electric field depends on the type of 
carrier, the sign of TEP can show the type of majority carriers, i.e. S > 0 for holes and 
S < 0 for electrons.  
TEP of the single-layer graphene has been extensively studied both theoretically 
[39-41] and experimentally [42-46]. In experiments, high quality graphene obtained 
by mechanical exfoliation from graphite are used in most cases, to reduce the 
influence of defects and impurities that mask the fundamental thermoelectric transport 
mechanism. The reported TEP has electron-hole symmetry and its magnitude is 
usually in the range of ≤ 100 µV/K. The result is usually analyzed by matching it with 
TEP calculated from electrical conductance data using the semi-classical Mott relation 
 
Figure 5.1: (a) Conventional bulk TEP measurement method. (b) An optical image of 
CVD-graphene covered with PMMA film. The image is taken in the middle of the transfer 
process. The domain boundaries and diagonal polishing lines of the metal catalyst can be 
seen even after removing the catalyst. 
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[42, 43, 45].  
Meanwhile, the TEP studies on graphene grown by chemical vapour deposition 
(CVD) have been broadly concerned with application aspects such as gas-flow sensors 
[47], surface charge doping indicators [48], and energy harvesting devices [49]. 
Owing to the advantage of producing large-area graphene in the CVD-method, the 
TEP measurements were performed with a conventional bulk TEP technique by 
means of wire thermocouples and chip-resistor heaters (figure 5.1(a)). TEP values of 
millimetre sized CVD-graphene on insulating substrates are directly measured without 
selecting a clean area, controlling charge carrier density, or applying the magnetic 
field.  
However, the large-area CVD-graphene generally possesses many microscopic 
defects such as wrinkles and domain boundaries caused during growth and the transfer 
process, which are overlooked in the previous TEP measurements. Figure 5.1(b) 
shows the CVD-graphene supported by PMMA. We can notice that the domain 
boundaries and polishing lines of the metal catalyst remained even after removing the 
catalyst. To elucidate the influence of inhomogeneity and structural defects on TEP of 
CVD-graphene, it is essential to measure TEP in micro scale, which is analogous to 
the previous TEP measurements on the exfoliated graphene.   
Here, we report on TEP of inhomogeneous CVD-graphene with respect to the 
charge carrier density (n), temperature (T), and magnetic field (B). Interestingly, we 
find a significant electron-hole asymmetry in the TEP while resistance is symmetric. 
This behaviour can be ascribed to the inhomogeneity of the graphene where individual 
graphene regions contribute different TEP’s. In high magnetic field and low 
temperature, we observe anomalously large fluctuations in Sxx near the Dirac point as 
well as the insulating ν = 0 quantum Hall state, which probably arise from the 
disorder-induced energy gap opening.   
   
5.2 The TEP device and experimental details 
Large area graphene is synthesized by CVD on copper foils [50] and transferred onto 
a SiO2/Si. Relatively clean and uniform graphene area is selected with a microscope 
and etched into a rectangular Hall bar (10 µm × 50 µm) shape. Afterwards, two 
heaters, two temperature sensors (resistance temperature detectors, see the inset of 
figure 5.2(b)), and electrical leads are defined (figure 5.2(a)). To analyze the 
microstructure of the CVD-graphene, AFM and Raman mapping are performed. TEP 
is measured using the steady state method (a low frequency ac TEP method is also 
employed to confirm the reliability of measurements) in the linear regime (∆T ≪ T) 
[51]. The four-probe resistance is measured using a low-frequency lock-in technique. 
A temperature difference (∆T < 1 K) is developed via Joule heating of the heater. The 
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quadratic response of temperature difference and thermoelectric voltage with respect 
to heater current is shown in figure 5.2(b). 
 
5.3 AFM and Raman mapping 
The middle part of the graphene (yellow dashed line in figure 5.3(a)) is characterized 
using AFM (figure 5.3(b)) and Raman D-band mapping (figure 5.3(c)). In the AFM 
Figure 5.3: (b) AFM- and (c) Raman D-band mapping correspond to the graphene region 
enclosed by the yellow dashed line in (a). (d) The Raman spectra at two sites: A (on the 
wrinkle) and B (outside the wrinkle) denoted by arrows in (b) and (c). Both curves are 
normalized to 2D-band intensity. Spectrum A is shifted upward for clarity. 
 
Figure 5.2: (a) An optical image of the TEP device where graphene boundaries (10 µm × 
50 µm) are marked by the white dashed line. (b) Temperature difference (∆T) and 
thermoelectric voltage (∆VTEP) in response to the heater current (Iheater) show quadratic 
behaviour. The inset shows the resistance of thermometers (RT) as a function of 
temperature. 
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scanning image, wrinkles are seen in the diagonal direction. Such wrinkles are 
common for CVD-graphene, which appears during the growth and transfer process. A 
similar pattern can be found in the Raman D-band mapping which indicates defect 
sites and grain boundaries of the graphene [52]. Figure 5.3(d) shows two Raman 
spectra corresponding to two different sites: A (on the wrinkle) and B (outside the 
wrinkle). In contrast to flat region B, wrinkled region A has both a stronger intensity 
of the D-band (≈ 1350 cm-1, related to the inter-valley scattering process) and 
additional weak D’-band (≈ 1620 cm-1, associated with the intra-valley scattering 
process in graphene [53]). The D’-band usually arises in the highly defective graphene 
undergoing intentional deterioration of oxidization, hydrogenation, and fluorination 
[54, 55]. Therefore, the wrinkled graphene is more disordered than the flat region. 
 
5.4 Gate voltage dependence of resistance and TEP 
Figure 5.4(a) shows transfer curves for various temperatures, which has a maximum at 
the Dirac point, VDP ≈ 7.7 V and yields mobility, µ ≈ 650 cm2/V s. The resistance 
shows insulating behaviour (dR/dT < 0) in the whole range of the gate voltage. The 
inset of figure 5.4(a) indicates the resistance maximum at the Dirac point (RDP) with 
respect to temperature. For T > 10 K, RDP(T) can be described by the heterogeneous 
model of two-dimensional variable-range hopping (lnR ∝ T-1/3). In this model, 
 
Figure 5.4: (a, b) Resistance and TEP (S) as a function of back gate voltage (Vg) at various 
temperatures. The inset in (a) shows the resistance at the Dirac point (RDP) with respect to 
temperature. The inset in (b) indicates the difference of S between positive and negative 
gate voltage sweeps (∆). ∆ shows the peak at VDP. Vertical dashed lines represent the 
position of the Dirac point, VDP (≈ 7.7 V). 
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electron conduction is explained with tunnelling between the conducting regions 
(ordered graphene) [56] which are separated by thin insulating regions (disordered 
graphene). It agrees with the AFM and Raman mapping results in figure 5.3, which 
reveal microscopic-scale inhomogeneity in our sample. 
Susequently, we measure TEP (S) at various temperatures (figure 5.4(b)). Although 
TEP of graphene should be an odd function of the gate voltage with respect to the VDP, 
TEP becomes asymmetrically distorted with decreasing temperature. The zero 
crossing point of TEP does not match with VDP and shifts to negative voltage. At low 
temperature (T = 50 K) and Vg > 20 V, TEP even shows positive sign with fluctuations. 
However, we note that the Dirac point mismatch is not seen for the high mobility 
CVD-graphene (µ ≈ 3000 cm2/Vs), which is consistent with the TEP of exfoliated 
graphene [42-44].  
The irregular spatial distribution of the electron-hole puddles and inherent 
inhomogeneity of CVD-graphene would cause the total TEP to have an intricate 
dependence on the gate voltage and temperature. For instance, if the sample consists 
of different types of graphene regions in series, the total effective TEP would be given 
by 
 
( )
( )
i g i
i
eff g
i
i
S V T
S V
T

 

  (5.1)
  
Here Si and ∆Ti are the TEP and the temperature difference in each graphene region, 
respectively. According to this equation, we can find that the odd-function nature of 
the generic S(Vg) can be easily distorted if some of the regions are intact to the gate 
voltage (Sj(Vg) = const). On the contrary, the total resistance R(Vg) in this case would 
 
Figure 5.5: (a) Odd and (b) even components of TEP are extracted from S(Vg) in figure 
5.4(b) with respect to Vg = VDP. They are denoted as Sodd and Seven, respectively.  
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just acquire an offset while keeping the symmetry relative to Vg = VDP. Therefore, we 
believe that the TEP is more sensitive to spatial inhomogeneity of graphene than its 
resistance.  
 As seen in figure 5.4(b), S(Vg) shows a hysteresis. Interesingly, the difference of 
TEP between positive and negative gate sweep directions (defined as ∆ in the inset of 
the figure 5.4(b)) results in the even function having a peak precisely at VDP. We 
assume that it somehow reflects the influence of the Dirac point. 
Furthermore, S(Vg) are seperated into the odd and even components with respect to 
Vg = VDP in figure 5.5. We find that the odd component (Sodd) has no hysteresis while 
the even component (Seven) shows hysteresis and a strong negative dip.  
 
5.5 Simulation of inhomogeneity effect using simple mesh 
We propose simple mesh models to simulate the inhomogeneity of our CVD-graphene 
(figure 5.6(a)). Each segment of line consists of an individual resistance and 
thermoelectric voltage source. Black thin lines represent graphene regions outside the 
wrinkle while grey thick zigzag lines indicate a graphene region on the wrinkle. These 
Figure 5.6: (a) Simulation grid of inhomogeneous graphene. Each segment of line 
represents an individual graphene region: outside the wrinkle (black thin line) or on the 
wrinkle (diagonal grey thick lines labelled by α, β, and γ). The total resistance (b) and TEP 
(c) for different numbers of wrinkles are calculated. Odd (d) and even (e) components of 
TEP are extracted from S(Vg) in (c) with respect to the Dirac point of the outside wrinkle 
(VDP = 10 V). The arrows indicate the direction of change corresponding to increasing the 
number of wrinkles. 
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two regions are assumed to have a Dirac point at 10- and 0 V, respectively.   
By solving Kirchhoff’s equations in this network, we calculate the variation of the 
total resistance R(Vg) and TEP, S(Vg) when changing the number of wrinkles in figure 
5.6(b) and (c), respectively. As a result, S(Vg) becomes more distorted and asymmetric 
compared to R(Vg) with an increasing number of wrinkles. The even and odd 
components are extracted in figure 5.6(d) and (e), respectively. This simplified model 
allows us to qualitatively understand the sensitivity of TEP to sample inhomogeneity 
[57].    
 
5.6 Quantum Hall effect (QHE) 
Under the high magnetic field (B), Landau levels (LL) of graphene are developed at 
the gate voltage Vg’ (= νeB/hβ) for ν = ±0, ±4, ±8…. Here Vg’ is the gate voltage 
relative to VDP (i.e. Vg’ = Vg – VDP) and ν, e, h, β (∼7.2×1010 cm-2V-1) are filling factors, 
the electron charge, Planck’s constant, and the proportionality coefficient between 
carrier density and gate voltage (n = βVg’), respectively. At the LL, longitudinal 
 
Figure 5.7: (a) Schematics of Landau level developments of single-layer graphene. The 
longitudinal resistance Rxx (b), Hall resistance Rxy (c), longitudinal conductivity σxx (d) 
and Hall conductivity σxy (e) as functions of the shifted gate voltage Vg’ (= Vg – VDP) and 
filling factors ν for T = 150, 100, 50, 30, 10, 5, and 2 K in the magnetic field B = 13 T. 
The arrows denote the changes corresponding to lowering of temperature.  
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conductivity σxx(Vg’) shows the peak while Hall conductiviy σxy(Vg’) changes abruptly. 
Between the LLs, σxx(Vg’) becomes zero while σxy(Vg’) shows the half-integer 
quantum Hall plateaus, σxy = -νe2/h with ν = ±2, ±6, ±10….. Here, the integer step of 4 
in ν is due to the four-fold degeneracy of graphene LL from spin- and valley 
degeneracy. 
Figure 5.7 shows the quantum Hall effect of CVD-graphene in the magnetic field of 
13 T. Based on the measurements of longitudinal resistance (Rxx) and Hall resistance 
(Rxy,), we calculate σxx and σxy. Interestingly, at ν = 0, σxx (σxy) shows an unexpected 
dip (plateau) and this becomes pronounced with decreasing temperature. We believe 
that it is due to a gap formation near the Dirac point (at ν = 0) resulting in slight 
splitting of the central LL (N = 0). 
So far, the insulating ν = 0 quantum Hall state has been experimentally observed in 
high quality samples made of exfoliated graphene [58-62]. The behaviours are usually 
attributed to lifting of LL (spin-valley symmetry breaking) [58, 62], counter-
propagating edge states [59], and magnetic field induced gap opening [60, 61]. 
Howerever, we suppose that in our case the behaviour is due to the disorder induced 
gap opening at the Dirac point [49, 63-66]. 
 
5.7 Magneto TEP 
Under the high magnetic field, longitudinal TEP (Sxx) can be described as in eq. 5.2.  
 
2 2
xx xx xy xy
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xx xy
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f d
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     
        (5.2)
 
Here, σij’ is energy-dependent partial conductivity (i.e.,  / '( )ij ijf d       ) 
(the TEP formula without magnetic field is explained in chapter 2.2)  
Accordingly, Sxx of graphene has peaks near LL (|N| ≥ 1) and is zero between the 
LLs. In particular, at the Dirac point, Sxx is zero with two accompanying peaks of 
opposite sign owing to the nature of the central LL (N = 0, zeroth LL) where both 
electrons and holes coexist [41-44]. 
Figure 5.8(a) shows the odd-function component of Sxx (denoted as Sxxodd) at 
various temperatures. The overall magnitude of Sxxodd decreases with lowering 
temperature except for the peaks T = 30 K which start to increase. Here the two peaks 
at ν = |4| are attributed to the LL (|N| = 1) development of graphene. The inset displays 
the sweep-direction difference of Sxx. We find that ∆ has temperature-independent 
peaks near the Dirac point similar to TEP without magnetic field (inset in figure 
5.4(b)).   
Interesitingly, at T = 5 K, Sxxodd shows large fluctuations near the central LL (N = 0) 
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(figure 5.8(b)). We believe that this is probably due to the band gap opening at lower 
temperature. Theoretically, the band gap opening of graphene is known to cause a 
large bump near the band gap [67, 68]. Experimentally, the large TEP (≈ 102 µV/K) 
was reported in oxygen plasma treated few-layer graphene [49] and band-gap tuned 
bilayer graphene [69]. In our case, the inhomogeneity associated with disorder in 
CVD-graphene appears to cause the large TEP fluctuations.  
 
5.8 Conclusions 
TEP of wrinkled inhomogeneous CVD-graphene was measured. A significant 
electron-hole asymmetry is observed in the gate-dependent TEP, which can be due to 
individual graphene regions contributing different TEP’s. In high magnetic field and 
low temperature, we observe anomalously large fluctuations in Sxx and the insulating 
quantum Hall state near the Dirac point. This could be accounted for by the disorder-
induced energy gap opening. We believe that our TEP measurements can verify 
intrinsic characteristics of CVD-graphene which are not seen in the conventional 
resistance measurement. 
 
  
 
Figure 5.8: (a) The odd-function component of longitudinal magneto-TEP (Sxxodd) for T = 
150, 100, 50 and 30 K at B = 13 T. The inset shows the difference of Sxx between positive 
and negative gate voltage sweep directions (∆), which has a temperature-independent peak 
at the Dirac point (Vg’ = 0). (b) Sxxodd for T = 5 K at B = 13 T. Large fluctuations are seen 
within ν ≤ |2|. 
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Chapter 6 
 
 
6. Graphene p‐n‐p junctions made of naturally oxidized thin 
aluminium films 
 
6.1 Introduction 
Graphene can be a favourable material for exhibiting p-n junctions due to its 
ambipolar nature. Graphene p-n junctions are made by locally tuning the carrier 
density (doping) in certain parts of the graphene channel. The most common ways of 
achieving the graphene p-n junctions are electrostatic controlling of charge using local 
gates placed near the graphene channel [70-74] or charge transfer via chemical doping 
[75-77]. In addition, a metal contact can also induce charge transfer (doping effect) 
due to the difference in work function between the metal and graphene. For instance, 
 
Figure 6.1: Optical contrast of graphene on various substrates. Maximum contrast and 
optimal thickness are calculated from the data within the wavelength range of green light 
(500-600 nm)  
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aluminium (Al) in contact with graphene can cause n-type doping [14-17] mainly 
because the work function of Al (WAl) is lower than that of graphene (Wgraphene) (i.e., 
Wmetal-Wgraphene = -0.44 ~ -0.24). 
Here, we employ a narrow Al strip on the middle part of the graphene channel. The 
Al plays the role of both a local top-gate and a charge donor. The Al is directly 
deposited on graphene without a prior dielectric layer in between. In the air, the Al at 
the interface of graphene becomes oxidized and this can be used for a dielectric layer. 
When the Al top-gate is floating and aluminium oxide (Al2O3) is used for the back-
gate dielectric (instead of the commonly used 300 nm thick SiO2), we observe a 
significant double-peak behaviour with a hysteresis in the transfer curves (source-
drain resistance R versus back-gate voltage Vbg). The double-peak feature can be a 
proof of the formation of graphene p-n junctions. The hysteresis can be explained by 
assuming finite resistance of the aluminium oxide at the interface of Al and graphene 
and considering the capacitive coupling between the gates. 
 
6.2 The graphene p‐n‐p device and experimental details 
Graphene is prepared by mechanical exfoliation. We use 89 nm thick Al2O3 as a back-
gate dielectric grown by atomic layer deposition. This thickness of a background 
Al2O3 renders a high contrast of graphene in the optical image as compared to the 
commonly used 300 nm thick SiO2 [19-21]. Figure 6.1 displays the optical contrast of 
graphene as functions of wavelength of the light source and thickness of various 
substrates using the formula in [18]. Source and drain electrodes are made of typical 
Au/Cr (50 nm / 5 nm) contacts. Subsequently, a 100 nm thick and 2 μm wide Al film 
is deposited in the middle of the graphene channel. Lastly, the device was left in the 
 
Figure 6.2: (a) An optical image of the device. Graphene boundaries are marked by the 
dashed line. Front (b) and side view (c) of measurement schematics. Al and Si are used for 
top- and back-gate electrode, respectively. The red line enclosing Al represents naturally 
formed Al2O3, which plays the role of top-gate dielectric. Hereafter, the graphene channel 
is identified by two regions corresponding to the free graphene surfaces (region 1) and 
graphene surface covered by Al (region 2). 
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air for several days to fully oxidize the Al at the interface to the graphene [17, 78]. 
The naturally formed Al2O3 is utilized as a top-gate dielectric layer. An optical image 
and measurement schematics are shown in figure 6.2. All the measurements were 
carried out at room temperature. Dual-gate experiments (in chapters 6.4 and 6.5) were 
performed in nitrogen atmosphere to stabilize Al oxidization. 
 
6.3 Al oxidation at the interface with graphene 
Al thin films deposited on graphene are reported to be oxidized at the interface with 
graphene [17, 78] or even to be delaminated [79]. To study the contact between the 
two materials, we prepare graphene field-effect transistor devices on a SiO2/Si 
substrate using Al electrodes. Firstly, we verified that the Al contact to graphene is 
mechanically robust (see scanning electron microscope image in figure 6.3(a)). 
Secondly, we measured the source-drain resistance over time. The resistance remained 
constant in a nitrogen atmosphere. However, when the atmosphere gas is changed to 
air, the resistance starts to increase and reaches our measurement limit (~ GΩ) in 
several hours (figure 6.3(b)). We believe that the increase in resistance demonstrates 
the formation of Al2O3 at the interface between Al and graphene due to poor bonding. 
According to the transfer curve in figure 6.3(c), we find that this device shows n-
type behaviour (VDP < 0) in contrast to commonly observed p-type behaviour in 
ordinary graphene devices (made by conventional metal contact) in the air. 
Interestingly, the Dirac point of the transfer curves remained stationary over time 
while the overall curve shifts upwards, indicating no extra doping during the oxidation. 
Here, the Al strip in the middle of the graphene channel (top-gate electrode) was 
floating during these measurements.  
 
Figure 6.3: (a) An SEM image of the device. Here all three electrodes are made of Al. (b) 
Source-drain resistance over time in two sequential atmosphere gases; nitrogen and air. (c) 
The variation of transfer curves over time in the air. The arrow indicates time evolution. 
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6.4 Dual‐gate effect using the aluminium top gate 
To examine the electrostatic gating effect of an aluminium electrode, we apply the 
top-gate voltage (Vtg) to Al and the back-gate voltage (Vbg) to Si simultaneously. 
Figure 6.2 shows an image of this device and measurement schematics. Except for the 
top-gate electrode (Al), source and drain electrodes are made of conventional contact 
materials (Au/Cr). In particular, Al2O3 (89 nm)/Si substrate is used instead of 
conventional SiO2/Si substrate. Hereafter, the graphene channel is marked into two 
different regions.  
 Graphene region 1 – free-surface graphene channel  
 Graphene region 2 – graphene channel covered by Al 
The carrier density (ni) for each region i can be described as in Eq. (6.1) [72] 
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bg bg bg tg tg tg
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(6.1)
 
The subscripts “bg” and “tg” correspond to the back and top gates, respectively. 
The coefficient β represents capacitive coupling between the carrier density and back-
gate voltage, obtained by assuming the parallel-plate capacitor model, β = ε/d where ε 
and d are dielectric constant and thickness of dielectric. Accordingly, βbg is estimated 
to be 5.8 × 1011 cm-2V-1 from a dielectric constant of Al2O3, εAl2O3 ≈ 7.5 [20] and its 
thickness, dbg = 89 nm. Vbg0 (Vtg0) indicates the Dirac point shift. We note that the 
carrier density in graphene region 2 (n2) is controlled by both back and top gates. 
Figure 6.4(a) shows the graphene resistance mapping as functions of the Vbg and Vtg. 
 
Figure 6.4: (a) Graphene resistance mapping with respect to back-gate (Vbg) and top-gate 
voltages (Vtg). Four different combinations of p-n-p junctions appear, which are 
subdivided by the dashed- and dash-dotted lines corresponding to n1 = 0 and n2 = 0, 
respectively. (b) The sets of Vbg and Vtg when n2 = 0. 
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We can see four different combinations of p-n-p junctions subdivided by two 
resistance ridges (dashed lines) corresponding to n1 = 0 and n2 = 0, respectively. 
According to the slope of the ridge for n2 = 0 (βbg/βtg = dtg/dbg ∼ 0.021, see figure 
6.4(b)), the thickness of the top-gate Al2O3 (dbg) can be derived to be ≈ 2 nm. Here we 
assume the same dielectric constant for the back- and top-gate dielectric Al2O3. 
 
6.5 Double‐peak structure in the transfer curve when Al top gate is floating 
When the Al top gate is floating, we can see anomalous multi-peaks accompanied by 
hysteresis in the transfer curves (figure 6.5). The number of peaks appears to depend 
on the number of Al top-gates. For instance, in figure 6.5(a), the transfer curve of a 
three top-gated structure produces four peaks (i.e., three sharp peaks and one broad 
peak) when Vbg is swept in a positive direction. We believe that the three sharp peaks 
arise from three different graphene regions underneath Al while the one broad peak is 
caused by a free surface graphene region without Al. However, the total number of 
peaks is reduced when Vbg is swept in a negative direction. This is probably due to the 
peak merging. The similar behaviour can be also found in the transfer curve of a 
graphene device with one top gate (figure 6.5(b)).  
In particular, we now focus on the case in figure 6.5(b). In this transfer curve, the 
 
Figure 6.5: Transfer curves of a graphene field effect device deposited with three (a) and 
one (b) Al top gate. They show multiple peaks with hysteresis. The number of peaks is 
related to the number of Al top gates. 
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positions of the left peak (VbgL) depend on the voltage-sweep direction while the 
position of the right peak (VbgR) remains almost at VbgR ≈ 2.5 V. When the Al top gate 
is grounded (grey lines in figure 6.6), neither a double peak structure nor hysteresis 
were observed. Those peaks at VbgL and VbgR can correspond to graphene regions 1 and 
2 (i.e., VbgR = Vbgo), respectively.  
We employ the fitting formula [80-82] for the two peaks in each sweep direction as 
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   
 (6.2)
 
Here, e, μ, L, and W are the electron charge, mobility, length and width of the 
graphene channel, respectively. Subscript 1 (2) corresponds to the Al uncovered 
(covered) graphene region. The red dashed lines in figure 6.6 represent fits for two 
different sweep directions. Green dashed lines indicate separate fit functions 
corresponding to R1(Vbg) and R2(Vbg) with adding contact resistance Rcont (≈ 4.5 kΩ) is 
added. We can see that the fit agrees with experimental curves (black solid lines). The 
two peaks in the transfer curve mark a change of carrier type with gate voltage in each 
region of the graphene channel as ppp → pnp → nnn.  
We note that the double peak structure was not observed in devices without Al top 
Figure 6.6: Transfer curves for the positive (a) and negative (b) back-gate voltage sweep 
directions corresponding to the case of figure 6.5(b). Solid black (grey) lines indicate 
transfer curves when the Al top gate is floating (grounded). The red dashed lines 
correspond to fitting curves with two peak functions. The two fitting peaks are 
independently represented with the green dashed lines. The two peaks define a change of 
carrier type in each graphene region, ppp → pnp (green shaded region) → nnn. 
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gates and the mobility of the device has reduced from 3100- to 650 cm2V-1s-1 after Al 
top-gate deposition. The double peak structure weakly depends on the sweep rate and 
it does not appear when SiO2 is used for the back-gate dielectric instead of Al2O3.  
  
6.6 Circuit model to account for the hysteresis in the double‐peak structure 
In order to explain the hysteresis in the double peak structure, we consider a 
simplified equivalent circuit (figure 6.7(a)) for the graphene region 2. Here, R 
represents the resistance of the top-gate dielectric (naturally formed Al2O3). C0 is the 
capacitance between the back- and top-gate electrodes. The calculated capacitances of 
C0, Ctg, and Cbg from our device geometry are about 240 pF, 82.6 fF, and 1.86 fF, 
respectively. 
From the circuit model, the induced Vtg in response to linearly increasing Vbg with 
time (Vbg = αt) is given by 
 
  01 exptg tg tg
tV RI
R C C
           
  (6.3)
 
Here, Itg(= C0α ≈ 20 pA) is the current flowing across the top-gate dielectric. Now 
considering an infinite triangular Vbg of amplitude A and period T, we find that Vtg 
results in two different functions for opposite sweep directions (hysteresis) given as 
 
 
Figure 6.7: (a) The equivalent circuit corresponding to the dual-gated graphene region 2. 
C0 is the capacitance between the back- and top-gate electrodes. Red dashed circle 
represents top-gate dielectric where R is its resistance. (b) The calculated Vtg in response 
to the applied Vbg using the circuit shown in (a). The voltage induced on the floating top-
gate shows a hysteresis. (c) The calculated carrier density for each graphene region as a 
function of Vbg.  
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Here superscript + and – indicate sweep-up and sweep-down of Vbg, respectively. 
The time constant τ is R(C0+Ctg). Using the relation, we employ another peak fitting 
for one cycle sweep of the double peak structure. 
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As a result, the induced Vtg in response to the applied Vbg results in square shaped 
hysteresis (figure 6.7(b)) because time constant (τ ≈ 300 ms) is much shorter than our 
measurement period (T ≈ 4 min). The dielectric resistance R (≈ 1.3 GΩ) is obtained 
from fitting, which results in the relation βbgδ ≈ 2βtgItgR (δ is the difference in peak 
positions for two different sweep directions of Vbg from graphene region 2). Figure 
6.7(c) shows the calculated carrier densities for each graphene region. The upward 
shift of n2 compared with n1 can be attributed to an n-type doping effect by Al. 
Transfer curves derived from n1 and n2 are shown in figure 6.8(a). We find that the 
fitting based on a model circuit matches our experimental results well (figure 6.8(b)). 
It is interesting that our simple circuit model (without consideration of quantum 
capacitance [29] effect which is important in a thin dielectric) can explain hysteresis 
in the transfer curve. Our approach allows for qualitative understanding of a hysteresis 
in the transfer curve often observed in many graphene field effect devices.  
 
Figure 6.8: (a) The transfer curves corresponding to each of the graphene regions 1 and 2 
using the carrier densities in figure 6.7(c). (b) Comparison of experiments and model fit. 
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6.7 Conclusions 
A naturally formed thin Al2O3 layer at the interface with graphene and Al top-gate is 
employed for the dielectric layer, which enables us to realise graphene p-n-p junctions. 
When the top-gate is electrically floating, the graphene resistance in response to the 
slowly-varying back-gate voltage shows a double peak structure accompanied by a 
hysteresis. This could indicate the Al-doping effect and capacitive coupling between 
top- and back gate electrodes.  
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7.  Quantum  Hall  effect  in  graphene  decorated  with 
disordered multilayer patches 
 
7.1 Introduction 
The integer quantum Hall effect (QHE) is a hallmark of a two-dimensional (2D) 
electron gas formed at the interface between semiconductors or their surfaces [83, 84]. 
Graphene is a perfect two-dimensional 2D material [1]. Unlike the conventional 2D 
electron gas, graphene shows a half-integer QHE due to a Berry’s phase π [3, 4]. The 
half-integer QHE in graphene demonstrates not only 2D nature of graphene but also 
its unique Dirac-like electronic structure associated with the spin- and valley 
degeneracy and the feature of the central Landau level (LL) where electrons and holes 
coexist. 
Generally, in order to observe the QHE three essential conditions are usually 
required: low temperatures (< 4 K), high magnetic fields (≥ 10 T), and clean samples 
with high mobility (> 103 cm2V-1s-1). This makes LL’s more discrete by decreasing the 
width of LL’s and increasing the energy spacing between adjacent LL’s. Indeed, most 
of QHE experiments (including fractional QHE) on graphene were performed under 
these conditions [3, 4, 58, 60, 85-87]. Exceptionally, graphene QHE was observed 
even at room-temperature [88] explained by the fact that graphene innately has an 
unequal energy spacing between LL’s and an anomalously large energy spacing 
between the central LL and it nearest LL’s, compared to an ordinary 2D electron gas. 
The ultra-high magnetic field (~ 30 T) and notably high mobility of the sample (> 104 
cm2V-1s-1) used in this experiment also helped to see the QHE at room temperature. 
Meanwhile, the weak QHE associated with relatively low mobility 2D gas system is 
usually employed to study a magnetic field induced transition from the Anderson 
localization (insulator) to quantum Hall sate (conductor) [89, 90]. Recently, the 
transition was also observed in low mobility graphene (≈ 900 cm2V-1s-1) grown on 
silicon carbide [91]. 
The width Γ of LL’s and the energy spacing ΔE of between LL’s are determined by 
the mobility µ and magnetic field B. The high mobility assures the small Γ because of 
the uncertainty relation Γ·τ ~ ħ, where ħ is Planck’s constant divided by 2π and τ is the 
momentum relaxation time which is proportional to the mobility. The high magnetic 
field increases ΔE (= ħwc) since the cyclotron frequency wc is proportional to the 
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magnetic field. Hence, ΔE needs to be much larger than Γ for observing the QHE, 
which results in the condition, wcτ = µB » 1 corresponding to µ > 1000 cm2V-1s-1 at B 
= 10 T. 
Accordingly, most of the previous QHE experiments on graphene were performed 
using mechanically exfoliated graphene with high mobility exceeding 104 cm2V-1s-1 [3, 
4, 58, 60, 85-87]. However, there have been some reports on QHE in graphene grown 
by chemical vapour deposition (CVD) using nickel [9]- and copper [8, 92, 93] catalyst. 
Although the QHE in the CVD-graphene was not as clear as in exfoliated one, the 
relatively high mobility of such a graphene (> 3000 cm2V-1s-1) ensures seeing QHE. 
Recently, CVD-graphene on Pt was also successfully grown and investigated [94-98], 
although no QHE in such a graphene has so far been reported in the literature, to the 
best of our knowledge. Graphene grown on Pt can have millimetre-sized hexagonal 
single-crystal grains and mobility greater than 7000 cm2V-1s-1 [95] promising clear 
QHE in such samples.  
Here we experimentally confirm the half-integer QHE in CVD-graphene grown on 
platinum in the magnetic field B > 11 T. Surprisingly, we observe the QHE even in 
samples which are irregularly decorated with disordered multilayer graphene patches 
(see figure 7.1(b)) and have very low mobility (< 500 cm2V-1s-1). This emphasizes the 
robustness of QHE in Pt catalysed CVD-graphene.   
 
7.2 Graphene growth on platinum by CVD  
The graphene is synthesised in a cold-wall low-pressure CVD system [22] equipped 
with a small-mass graphite heater. A 100 µm-thick polycrystalline Pt foil (99.99%) is 
employed as catalyst. First, we ramp up the temperature of the foil to 1000 °C at 
 
 
Figure 7.1: Optical images of graphene samples for the flow rate of CH4 to ~ 50 sccm (a), 
~ 70 sccm (b) and ~ 100 sccm (c). The moree flow rate of CH4 produces the thicker and 
wider multilayer patches. 
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300 °C/min and hold it at this temperature for 5 min in a flow of 1000 sccm H2. We 
note that the growth temperature of 1000 °C is the nominal temperature obtained from 
a thermocouple sensor gently touching the heater. For instance, the nominal value 
corresponding to Cu melting point is about 850 °C. Therefore, we believe actual 
temperature in this case can be 100 – 200 °C higher. Then, 70 sccm CH4 pre-diluted 
with Ar to 5% is introduced into the chamber to activate graphene growth. The growth 
time is 10 minutes. Finally, the foil is cooled down to below 100 °C within 15 minutes 
by turning off the heater current. The CH4 is kept flowing while cooling down. The 
high melting point (≈ 1770 °C) of Pt enables us to easily and reliably access high 
temperature over 1000 °C which is impossible to achieve with conventional Cu 
catalyst. In comparison to previous graphene growth on Pt [95-97] performed under 
atmospheric pressure and temperature ≈ 1000 °C, we use low-pressure condition with 
low carbon concentration and temperature > 1000 °C.  
We notice that changing the flow rate of CH4 to somewhat in excess of ~ 50 sccm 
gives rise to additional multilayer graphene patches of ~ 5 µm in size (figure 7.1(b)) 
whereas the overflow of CH4 (> 100 sccm) generates much thicker and larger 
multilayer patches (figure 7.1(c)). This means that the thickness and size of the 
patches are easily controllable by the flow rate of CH4. 
Afterwards, the graphene is transferred onto a highly doped Si substrate capped 
with 300 nm SiO2, allowing for a field-effect transistor structure.  We employ the 
frame-assisted bubbling transfer technique [95, 99] instead of usual wet etching of the 
metal catalyst thereby avoiding etching residues and possible damage of graphene 
caused by strong acids as in the case of Pt catalyst. The semi-rigid frame supporting 
the PMMA coated graphene allows for easy handling and cleaning of graphene [99]. 
Using the frame, we can rinse graphene more thoroughly during the transfer process. 
Lastly, graphene Hall bar structures (≈ 10 × 40 µm2) are patterned using a standard 
micro fabrication process. 
 
7.3 Transfer curves and Raman mapping 
Figure 7.2(a) shows an optical image of our graphene sample placed on the SiO2/Si 
substrate. The image contrast is sufficient to discern the boundary of graphene and its 
inhomogeneous structure. We can see that relatively dark patches (< 5 µm) are 
scattered all over the sample. The patchy structure is made by increasing the flow rate 
of CH4 to about 70 sccm during the growth process compared to the optimal flow rate 
of CH4 ~ 50 sccm for growing a single-layer graphene without patches (figure 7.1(a)). 
If we further increased the flow rate of CH4, much thicker pyramid-like patches would 
be formed where several graphene layers would be clearly distinguishable (figure 
7.1(c)).   
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We measure the 4-probe conductance of graphene at different charge carrier 
densities by tuning the gate voltage at the temperature T = 100, 10, and 2 K (see figure 
7.2(b)). The conductance curves show a p-type doping (Dirac point VDP ≈ +6.5 V); 
their shape is independent of the voltage-contact pairs (1-2 or 3-4 in figure 7.2(a)). 
Thus the patches do not appear to affect the overall average resistance of the sample. 
The conductance has a positive temperature dependence (dG/dT > 0) in the whole 
range of the gate voltage. This agrees with the previous results on defective graphene 
deliberately damaged by the hydrogenation [54] or ion irradiation [100]. The positive 
temperature dependence in our case can also be associated with the inhomogeneity of 
our sample and explained by the heterogeneous model of variable-range hopping 
 
 
Figure 7.2: An optical image of the Hall-bar shaped graphene decorated with multilayer 
patches. The scale bar is 5 µm. (b) The conductance G versus gate voltage Vg at 
temperature T =100, 10, and 2 K. The solid- and open squares in the inset show the 
temperature-dependent mobility µ for electrons and holes, respectively. The mobility 
decreases with decreasing temperature. The hole- and electron mobility at T = 2 K are 400 
and 190 cm2V-1s-1, respectively. The Hall mobility is independent of the voltage-contact 
pairs (1-3 or 2-4 in (a)). (c) Mapping of Raman intensity ratio between 2D- and G-bands 
for graphene region enclosed by dashed line in (a). (c) The Raman spectra of graphene at 
two sites denoted by arrows in (a): A (single layer graphene) and B (multilayer graphene 
patch). Both spectra are normalized to 2D-band intensity and spectrum B is shifted 
upwards for clarity.  
 
 
Chap 7. Quantum Hall effect in graphene decorated with disordered multilayer patches 
‐ Quantum Hall effect (QHE) 
       
 
59 
where well conducting regions (single layer graphene) are separated by less 
conducting regions (multilayer patches) [56].  
The slope of conductance curves allows for rough estimates of the mobility at 
different temperatures (see the inset of figure 7.2(b)). In contrast to usually enhanced 
mobility of graphene at lower temperature, the mobility of this sample decreases with 
decreasing temperature, which results in the mobility µ ≈ 400 and 190 cm2V-1s-1 at T = 
2 K for holes and electrons, respectively. Here, we use a parallel-electrode capacitance 
model [1]. The Hall mobility for the holes is ≈ 310 cm2V-1S-1, which is comparable 
with the field-effect result. The mobility attained from the Hall measurement also 
leads to similar results. It is a very low mobility compared to the previously reported 
graphene field effect devices in literatures. The low mobility cannot be only attributed 
to the presence of the defective patches because the distance between them is rather 
big. Even in the predominantly single-layer areas (region A) the graphene is quite 
disordered as is seen in the Raman spectra in figure 7.2(d).  
In an effort to identify the patch composition, Raman spectroscopy is performed. 
Figure 7.2(c) indicates mapping of Raman intensity ratio between 2D- and G-bands 
for graphene region enclosed by dashed line in figure 7.2(a). We find that the intensity 
ratio of graphene patches (blue round regions) is smaller than one. Figure 7.2(d) 
shows Raman spectra from different sample parts denoted in figure 7.2(a): A (outside 
the patch) and B (at the patch). The spot A demonstrates a typical Raman spectrum 
characteristic for a disordered single layer graphene with except for additional peaks 
between D and G bands. The peaks can be caused by amorphous (hydrogenated) 
carbon formed during sample growth or device fabrication [101]. The Raman 
spectrum in region B displays a much stronger intensity of both D-band (related to the 
inter-valley scattering process) and D’-band (associated with the intra-valley 
scattering process in graphene) compared to that of the single layer region A. This 
indicates that graphene is much more disordered in patch spot B than in single-layer 
area A. In addition, the spectrum obtained from the patch shows a broader 2D-band 
accompanied with blue shift (≈ +7.1 cm-1) and lower ratio of I2D to IG. This is 
consistent with the signature of multi-layer graphene [53]. Therefore, we conclude 
that the dark patches consist of a defective multi-layer graphene. 
 
7.4 Quantum Hall effect (QHE) 
We now turn to QHE measurements. In general, it is known that single-layer graphene 
shows the half-integer QHE conductance plateaus σxy = ±4(n+1/2)e2/h ≡ νe2/h with the 
non-negative integer n and filling factors ν = ±2, ±6, ±10…. The integer step of 4 in ν 
is a manifestation of the four-fold degeneracy of graphene LL owing to the spin- and 
valley degeneracy. Occasionally, high quality graphene shows other integer ν owing 
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to symmetry breaking [58, 60]; even fractional ν can sometimes be found [85-87].  
Figure 7.3(a) and (b) show the longitudinal resistance Rxx and Hall resistance Rxy as 
a function of the gate voltage measured at the magnetic field B = 14 T and T = 2 K. 
We can see that the longitudinal resistance Rxx abruptly drops to nearly zero (160 Ω 
and 530 Ω for holes- and electrons) whereas Rxy reaches the quantum Hall plateaus at 
ν = ±2 corresponding to ≈ ±12.9 kΩ. The slight deviation of the measured values (-
12.5 kΩ and +12.3 kΩ for holes- and electrons) from the exact QHE plateau value is 
caused by the external shunting resistors of 1 MΩ connecting all the electrodes 
together to avoid occasional sample damage due to discharges. The deviation can also 
be a result of incompleteness of the quantum Hall state in our system as indicated by 
the non-zero Rxx. The presence of bilayer regions can be the cause of such a situation 
[102]. Besides, a weak signature of the plateaus at ν = ±6 (≈ 4.30 kΩ) can be found 
together with a slight dip in Rxx. The higher-order plateaus cannot be seen much likely 
due to disorder-induced broadening of the LL’s at higher energy. The QHE is seen 
more clearly on the hole side due to the higher mobility of holes (400 cm2V-1s-1) 
compared to the mobility of electrons (190 cm2V-1s-1) in this case.  
 
Figure 7.3: (a) The longitudinal resistance Rxx and (b) Hall resistance Rxy as a function of 
gate voltage at magnetic field B = 14 T and T = 2 K. Both Rxx and Rxy are independent of 
the voltage-contact pairs (1-2 or 3-4 for Rxx and 1-3 or 2-4 for Rxy, see figure 7.2(a)).  
Quantum Hall resistance of ±h/2e2 (≈ ±12.9 kΩ) and ±h/6e2 (≈ 4.30 kΩ) are denoted as 
horizontal dashed lines in (b). (c) Rxy versus B at Vg = -6 V. The dashed red line 
corresponds to the high mobility sample which has no patches. The inset shows quantum 
Hall plateaus in the zoomed-in region.  
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Evolution of the quantum Hall plateaus with magnetic field is shown in figure 
7.3(c). For comparison, the QHE of relatively high mobility sample (µ ≈ 2000 cm2V-
1s-1) formed without patches is denoted as dashed red line. They are both measured at 
the fixed gate voltages Vg corresponding to the first dip position on the hole-side of 
Rxx(Vg) curves. Here, the two different slopes of Rxy in the low B-field regime (B < 4 T) 
represent different carried densities. According to the inset showing the zoomed-
region, we find that Rxy in our patched graphene starts saturating to quantum Hall 
plateau from B ≈ 11 T, while non-patched graphene converges to it from B ≈ 10 T. 
The variation of plateau values between the two cases is much likely due to different 
contact resistances in each measurement. Indeed the part of the current that branches 
off into the shunt resistors depends on the contact resistances rather than the quality of 
graphene. 
It is interesting that QHE is developed even in such low mobility CVD-graphene 
where highly defective multilayer graphene patches are dispersed. Although there are 
reports on QHE in CVD-graphene grown on Ni [86] and Cu [8, 92, 93], the graphene 
mobility is usually larger than 3000 cm2V-1s-1 associated with less defects (also 
witnessed by a small Raman D-band).   
We believe that our high temperature growth (1000 °C) using Pt catalyst generates 
relatively robust and reliable graphene. Indeed, recent study shows that graphene 
grown on Pt can have millimetre-sized hexagonal single-crystal grains with mobility 
greater than 7100 cm2V-1s-1 [95], which implies superior graphene quality compared 
to previously reported CVD-graphene using other metal catalysts. Additionally, we 
use the bubbling transfer technique [95, 99] instead of wet etching. This technique 
allows avoiding etchant residues and getting cleaner graphene surface. Therefore, Pt 
catalyst combined with bubbling transfer can be favourable for QHE behaviour.  
 
7.5 Unusual ν = 0 quantum Hall state  
Based on the measurements of Rxx and Rxy in figure 7.3(a) and (b), we show the 
longitudinal (σxx)- and Hall (σxy) conductivities in figure 7.4 as functions of the carrier 
density n (= β(Vg-VDP), where β ≈ 6.7×1010 cm-2V-1, obtained from Hall measurement) 
measured in units of 2eB/h which correspond to the half of filling factor ν/2 (= 
hn/2eB). Here h and e are the Plank’s constant and electron charge, respectively. Apart 
from the expected quantum Hall conductivity plateaus at ±2e2/h, we see other features. 
Firstly, at the Dirac point (n = 0), σxx shows an unexpected dip while σxy has an 
unusual Hall plateau as indicated by the two vertical blue arrows in figure 7.4. This 
can be attributed to a band gap formation at the Dirac point resulting in a slight 
splitting of the central LL at n = 0 into two levels. Until now, the ν = 0 quantum Hall 
state has been experimentally observed only for high quality graphene made by 
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mechanical exfoliation [58-62]. This state is normally explained by the spin-valley 
symmetry breaking which lifts the degeneracy of LL [58, 62], counter-propagating 
edge states [59], and gap opening in the magnetic field [60, 61]. We believe that our 
case is rather due to the disorder induced gap opening [64-66] resulting from the 
defective multilayer graphene patches. In fact, we also observed the same behaviour 
of the QHE in wrinkled CVD-graphene grown on Cu (in chapter 5).  
Moreover, the centre of the dip (in σxx) and plateau (in σxy) are somewhat shifted 
from the anticipated positions ν = ±2 denoted by the vertical dashed lines. This can be 
attributed to a pool of localized states which do not contribute to the degeneracy of LL 
[103]. The localized states are situated between LL’s and result in a “delay” when 
filling LL’s by increasing carrier density. Here, the spatially distributed graphene 
patches probably act as origin of the localized states. 
 
7.6 Conclusions 
We have observed the QHE in CVD-graphene grown on platinum. The QHE is even 
seen in samples which are irregularly decorated with disordered multilayer graphene 
patches and have very low mobility (< 500 cm2V-1s-1). The QHE does not appear to 
depend on electronic mobility and uniformity of the resulting material. This 
emphasizes the robustness of QHE in Pt used CVD-graphene. 
  
 
Figure 7.4: The longitudinal conductivity σxx (black lines) and Hall conductivity σxy (red 
lines) versus the carrier density n. They are calculated using Rxx and Rxy in figure 7.3(a) 
and (b). The n corresponding to filling factor ν = ±2 are denoted as vertical dashed lines. 
Two vertical blue arrows indicates unusual dip (in σxx) and plateau (in σxy) at n = 0. 
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Chapter 8 
  
 
8. Summary  
We performed electronic transport experiments on graphene with the Aharonov-
Bohm (AB) effect, thermopower (TEP) measurements, dual-gated graphene field 
effect devices, and quantum Hall effect (QHE). 
To enhance the AB effect, we locate superconducting-metal (aluminium) or 
normal-metal (gold) mirrors on the graphene rings. The mirrors are positioned either 
in the transverse or in the longitudinal direction with respect to the ring bias lines. A 
significant enhancement of the phase coherence effect is confirmed in the latter case 
from the observation of the third harmonic of the AB oscillations. The 
superconducting contribution to the AB effect by the aluminium (Al) mirrors is 
unclear. Instead, we believe that a large mismatch of Fermi velocity between graphene 
and the mirror materials can account for the enhancement.  
Secondly, a TEP measurement is performed to investigate the electronic properties 
of inhomogeneous graphene grown by chemical vapour deposition (CVD). The gate-
dependent TEP shows a large electron-hole asymmetry probably due to the 
inhomogeneity of CVD-graphene where individual graphene regions provide different 
TEP. In high magnetic field and low temperature, we observe anomalously large TEP 
fluctuations and an insulating quantum Hall state near the Dirac point, which could be 
associated with the disorder-induced energy gap opening.  
Thirdly, graphene field effect devices are made using two gates; top- and back-
gates. The top gate is made of Al deposited onto the middle part of the graphene 
channel. We found that naturally formed Al2O3 at the interface between graphene and 
the Al top-gate can be facilitated for a top-gate dielectric layer. By tuning both gate 
voltages simultaneously, graphene p-n-p junctions are achieved. Additionally when 
the Al top-gate is floating, a double-peak accompanied by hysteresis appears in the 
graphene resistance with respect to the slowly-varying back-gate voltage. This could 
indicate an Al doping effect and the coupling between the two gates. 
Lastly, We have observed the QHE in CVD-graphene grown on platinum. The 
QHE is even seen in samples which are irregularly decorated with disordered 
multilayer graphene patches and have very low mobility (< 500 cm2V-1s-1). The QHE 
does not appear to depend on electronic mobility and uniformity of the resulting 
material. This emphasizes the robustness of QHE in Pt catalyzed CVD-graphene. 
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